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NCMENCLATURE 
complex amplitude of the unsteady airfoil motion: 
for pitching, A = oscillatory angle of attack in radians; 
for plunging, A = displacement normalized by half-chord. 
The physical motion is ~ e ( ~ e ~ ~ ~ )  
ALPHA mean angle of attack, deg 
C chord of airfoil, m 
CL mean lift coefficient, + up 
CL,A normalized unsteady lift coefficient, + up 
CM mean moment coefficient at leading edge, + nose up 
normalized unsteady moment coefficient at leading edge, 
+ nose up 
CPU , A(CPL ,A) complex amplitude of the unsteady upper (lower) surface 
CPU (CPL) mean value of upper (lower) surface pressure coefficient, 
PU (PL) - PINF 
QINF 
exp(iwt) cos wt + i sin ut 
f FREQ 1 frequency, Hz, - T 
IU,A(Q)(IL,A(Q)) Qth moment of the complex amplitude of the unsteady upper 
(lower) surface pressure coefficient 
IU(Q) (IL(Q)) Qth moment of the mean value of upper (lower) surface 
pressure coefficient 
wc 
k,K reduced frequency, - 2U 
Mm 
free-stream Mach number 
complex amplitude of the unstead pressurr ; 
the physical pressure = Re(Pelbt) 
PINF f ree-stream static pressure, ~ / r n ~  
PL, PU mean value of surf ace pressure, N/m2 
PTOT total essure, ~ / m ~  
QINF dynamic pressure, N/m2 
Re, RE 
Complex notation: 
chord Reynolds number 
period of the motion, sec 
time, sec 
free-stream velocity, m/sec 
distance along airfoil, m 
complex amplitude of unsteady angle of attack, deg 
mean angle of attack, deg 
instantaneous angle of attack, deg 
imaginary part of [ 1 
magnitude of [ 1 
phase of [ 1, deg 
real part of [ 1 
EXPERWENTAL UNSTEADY AERODYNAMICS OF COKVENTIONAL 
AND SUPERCRITICAL AIRFOILS 
Sanford S. Davis and Gerald N. Malcolm 
h e s  Research Center 
SUMMARY 
Experimental d a t a  on t h e  unsteady aerodynamics of o s c i l l a t i n g  a i r f o i l s  
i n  t r anson ic  f lcw a r e  presented.  Two 0.5-m-chord a i r f o i l  models - an  
NACA 648010 and a n  NLR 7301- were t e s t e d  i n  t h e  NASA-Ames 11- by 11-Foot 
Transonic Wind Tunnel a t  Mach numbers t o  0.85, a t  chord Reynolds numbers t o  
12x106, and a t  mean ang les  of a t t a c k  t o  4' .  The a i r f o i l s  were sub jec ted  
t o  both p i t c h i n g  and plungicg motions a t  reduced f requenc ies  t o  0.3 ( p h y s i c a l  
f requenc ies  t o  53 Hz). 
The new hardware znd t h e  ex tens ive  use of computer-experiment in tegra -  
t i o n  developed f o r  t h i s  t e s t  a r e  descr ibed.  The geometr ical  conf igura t ion  
of t h e  model and t h e  t e s t  arrangement a r e  desc r ibed  i n  d e t a i l .  Mean and f i r s t  
harmonic d a t a  a r e  presented i n  both t a b u l a r  ana g r a p h i c a l  form t o  a i d  i n  com- 
par i sons  wi th  o t h e r  d a t a  and wi th  numerical  computations. 
1. INTRODUCTION 
The unsteady aerodynamics of both  fixed- and rotary-wing a i r f o i l  s e c t i o n s  
must be thoroughly understood i n  o rder  t o  provide s a f e  margins f o r  f l u t t e r ,  
b u f f e t t ,  and o t h e r  undes i rab le  aerodynanic phenomena. This need i s  most 
apparent i n  t h e  c r i t i c a l  t r a n s o n i c  speed regime where these  d e t r i m e n t a l  
e f f e c t s  a r e  most p reva len t .  Recent developments i n  numerical  s imula t ions  of 
t r anson ic  unsteady aerodynamics have a l s o  h igh l igh ted  t h e  need f o r  new 
experimental  a c t i v i t y  i n  t h i s  a r e a .  I n  response t o  t h e s e  needs,  an ex tens ive  
t e s t  program was developed a t  Ames  Research Center t o  measure t h e  unsteady 
aerodynamics of both  a  convent ional  and a s u p e r c r i t i c a l  a i r f o i l  under a  wide 
range of flow condi t ions .  The o b j e c t i v e  of t h e  test was t o  measure unsteady 
p ressure  d i s t r i b u t i o n s  at  higher  Reynolds numbers over a more ex tens ive  range 
of t e s t  cond i t ions  than had h e r e t o f o r e  been attempted.  This  r e p o r t  p r e s e n t s ,  
i n  g raph ica l  and t a b u l a r  form, t h e  mean and fundamental frequency d a t a  from 
t h a t  t e s t .  
The d a t a  were obta ined i n  t h e  11- by 11-Foot Transonic Wind Tunnel a t  
Ames Research Center. Over 200 d a t a  sets, represen t ing  v a r i o u s  combinations 
of a i r f o i l  geometry, Mach number, Reynolds number, mean angle  of a t t a c k ,  
motion mode, motion amplitude,  and frequency a r c  repor ted .  For each d a t a  
s e t  both the  mean and f i r s t  harmonic loads  a r e  t a b u l a t e d ,  and t h e  p ressure  
d i s t r i b u t i o n s  a r e  presented i n  both  t a b u l a r  and g r a p h i c a l  form. 
Sec t ion  2 d e s c r i b e s  t h e  important  f e a t u r e s  of t h e  test appara tus  i n  
d e t a i l ,  i nc lud ing  t h e  wind tunne l ,  model i n s t a l l a t i o n ,  motion genera to r s ,  
model c o n s t r u c t i o n ,  and model geometry. (Some of t h e  hardware was a l s o  
desc r ibed  i n  r e f .  1.) A d i s c u s s i o n  o f  t h e  computerized d a t a  system, devei-  
oped e s p e c i a l l y  f o r  t h i s  t e s t ,  is provided i n  s s c t i o n  3 .  The so f tware  was 
w r i t t e n  such t h a t  on-l ine comparisons could be made between t h e  c u r r e n t  d a t a  
s e t  and theoretical p r e d i c t i o n s .  The measuring system is  a l s o  desc r ibed  i n  
r e f e r e n c e s  1 and 2 .  S e c t i o n  4 o u t l i n e s  t h e  t e s t  program and s e c t i o n  5 pre- 
s e n t s  t h e  da ta .  The method used t o  i r - t e g r a t e  t h e  chordwise p r e s s u r e  d i s t r i -  
bu t ion  is descr ibed i n  appendix A ,  and t h e  t a b u l a t e d  f i r s t  harmonic p r e s s u r e  
d a t a ,  enclosed i n  microf iche  form, is des igna ted  appendix B. 
Some of t h e  d a t a  have a l r e a d y  been analyzed and can be found i n  r e f e r -  
ences  3-6. A smal l  s u b s e t  c f  t h e  d a t a  has  been s e l e c t e d  by AGAFJ) f o r  inc lu -  
s i o n  i n  i t s  "Standards f o r  A e r o e l a s t i c  Appl ica t ion "; i t  i s  c i t e d  i n  
s e c t i o n  4. 
2 .  TEST HARDWARE 
The arrangement of  t h e  appara tus  and t h e  s p e c i a l  two-dimensional f low 
channel i n s t a l l e d  i n  t h e  11- by 11-Foot Transonic  Wind Tunnel were based on 
t h e  choice  of a n  accep tab le  r a t i o  of wind-tunnel h e i g h t  t o  wing chord 
( g r e a t e r  than 6 ) .  A chord of 0.5 m w a s  c2ioser?, r e s u l t i n g  i n  t h e  r a t i o  
(he igh t ) / ( chord)  = 6.8. Lowest hardware c o s t  and minimum o v e r a l l  t u n n e l  
blockage could be obta ined wi th  a  model spanning t h e  t u n n e l ,  b u t  c o n s t r u c t i o n  
of a  fu l l -span 0.5-m-chord model was i m p r a c t i c a l  because f i r s t  p r i o r i t y  w a s  
ass igned t o  ob ta in ing  high f r e q u e n c i e s  wi th  minimal a e r o e l a s t i c  e f f e c t s .  An 
accep tab le  span-to-chord r a t i o  of approximately 3  (1.35-m span) d i c t a t e d  t h e  
use  of t h e  s p l i t t e r - p l a t e  arrangement shown i n  f i g u r e  1. Although previous  
i n v e s t i g a t o r s  have s u c c e s s f u l l y  used s p l i t t e r  p l a t e s ,  a p i l o t  test of the  
concept was none the less  conducted i n  t h e  Ames 2- by 2-Foot Tran,onic Wind 
Tunnel ( r e f .  7 ) .  : is  t e s t  demonstrated t h a t  good q u a l i t y  t r a n s o n i c  f low 
could L,e obta ined wi th  t h e  chosen s p l i t t e r  p l a t e  arrangement. 
Figure  1 shows t h e  g e n e r a l  arrangement of t h e  v i n g / s p l i t t e r - p l a t e /  
a c t u a t o r  system a s  i n s t a l l e d  i n  t h e  vind-tunnel  t e s t  s e c t i o n .  The normal 
3.35 m x 3.35 m t e s t  s e c t i o n  was segmented wi th  two s t e e l  s p l i t t e r  p l a t e s ,  
3.35 m h igh by 2 . 8  m long.  To minimize blockage,  t h e  th ickness  was t h e  
minimum necessa ry  t o  accommodate t h e  push-pull  d r i v e  rods .  To prevent  exces- 
s i v e  d e f l e c t i o n s  of t h e  s p l i t t e r  p l a t e s ,  s i d e  s t r u t s  were i n s t a l l e d  f o r  lat- 
e r a l  suppor t .  The s p l i t t e r s  extended i l l to  t h e  t u n n e l ' s  plenum a r e a  a t  the  
top  and bottom; t h e r e  they were bo l t ed  t o  I-beam anchors .  Access pane l s  f o r  
ins t rumenta t ion  c a b l e s  a1.d c lea rance  f o r  the  push-pull  rods  were included i n  
t h e  s p l i t t e r  p l a t e  des ign.  
The wi.1g model was instrumented nea r  its midspan s t a t i o n  and a t t a c h e d  t o  
independently c o n t r o l l e d  hydrau l i c  a c t u a t o r s  throu2h t h e  push-pull  r o d s .  
Thus, t h e  wing was f r e e  t o  p i t c h  and plunge i n  response  t o  t h e  a c t u a t o r ' s  
command s i g n a l .  The wing was r e s t r a i n e d  i n  t h e  f o r e - a f t  d i r e c t i o n  by a p a i r  
cf  carbon-epoxy drag rods ,  and i n  t h e  l a t e r a l ,  r o l l ,  and yaw d i r e c t i o n s  by 
s l i d i n g  cover p l a t e s ,  which moved wi th  t h e  wing on t h e  i n n e r  s u r f a c e  of t h e  
s p l i t t e r  p l a t e s .  The h y d r a u l i c  a c t u a t o r s ,  l o c a t e d  i n  t h e  lower plenum a r e a ,  
were suppor ted  by f l e x u r e s ;  they bore  d i r e c t l y  i n t o  a  massive concre te  foun- 
d a t i o n  through t h e  four  suppor t  columns. With t h i s  des ign ,  the  tunne l  pres-  
s u r e  s h e l l  does no t  have t o  suppor t  t h e  o s c i l l a t o r y  r e a c t i o n  loads  induced 
by t h e  a c t u a t o r ' s  motion. 
The c a p a b i l i t i e s  of t h e  t e s t  appara tus  i n c l u d e  s i n u s o i d a l  p i t c h i n g  
I 
o s c i l l a t i o n s  over a  frequency range of 0  t o  60 Hz,  w i th  t h e  maximum o s c i l l a -  
t i o n  va ry ing   fro^ ?2O a t  low f r e q u e n c i e s  t o  f0.8' a t  60 Hz a b m t  any chord- 
wise a x i s ,  and a  v e r t i c a l  plunging motion up t o  25 cm (2 i n . ) .  
The va r ious  components t h a t  make up t h e  system w i l l  be  desc r ibed  i.n more 
d e t a i l  s i n c e  t h e  b a s i c  performance requirements  d i c t a t e d  s t a t e -o f - the -a r t  
des igns  i n  many cases .  Many of t h e  components a r e  shown i n  t h e  i n s t a l l a t i o n  
photograph i n  f i g u r e  2 and t h e  p r e - t e s t  s e t u p  i n  f i g u r e  3 .  I n  the  fo l lowing  
d e s c r i p t i o n  i t  may be  h e l p f u l  t o  r e f e r  t o  t h e s e  photographs t o  v i s u a l i z e  t h e  
i n t e r r e l a t i o n s h i p  among t h e  v a r i o u s  components. 
11- by 11-Foot Transonic Wind Tunnel 
The 11- by 11-Foot Transonic Wind Tunnel i s  a c losed- re tu rn ,  v a r i a b l e  
d e n s i t y  f a c i l i t y  w i t h  a  3.35 x 3.35 x 6.7 m ( 1 1  x 11 x 22 f t )  t e s t  sec t io l ,  
enclosed i n  a  6-m (20-f t )  diameter c y l i n d r i c a l  p r e s s n r e  c e l l .  The a i r  is 
dr iven  by a th:se-stage, axia l - f low c9mpressor powered by f o u r  induc t ion  
motors wi th  a maximum continuous combined ou tpu t  of  135 MW (160,000 hp) .  
The Mach number can be v a r i e d  cont inuously  from 0.4 t o  1 .4  w i t h  t h e  s tagna-  
t i o n  p r e s s u r e  v a r i a b l e  from 50 k ~ / m ~  t o  225 k ~ / m *  (0.5 t o  2.25 atm) r e s u l t i n g  
i n  Reynolds numbers rrom 6 x 1 0 ~  /m t o  31x106/m. Maximum Mach and Reynolds 
numbers f o r  t h i s  t e s t  were 0.85 and 25x106/m, r e s p e c t i v e l y ,  
The v e n t i l a t e d  w a l l  of t h e  11-Foo: Transonic Wind Tunnel has  a  b a f f l e d  
s l o t  arrangement ( f i g .  4 ) .  S i x  s l o t s  - 1.78 cm (0.7 i n . )  wide - between t h e  
s p l i t t e r  p l a t e s  y i e l d  an  e f f e c t i v e  open a r e a  r a t i o  of approximately 8%.  A 
r e s i s t i v e  b a f f l e  f a b r i c a t e d  from 0.16 cm (1116 i n . )  s h e e t  s t o c k  was i n s e r t e d  
i n  each s l o t .  The b a f f l e  i s  f l u s h  wi th  t h e  f l c o r  and c e i l i n g ,  extends  
5.72 c n  (2.25 i n . )  i n t o  t h e  s l o t ,  and has  a  "wavelength" of 3.43 cm (1.35 i n  
S p l i t t e r  P l a t e s  
V e r t i c a l  s p l i t t e r  p l a t e s  wi th  t r a i l ing-edge  f l a p s  and h o r i z o n t a l  s i d e  
s t r u t s  form t h e  suppor t  s t r u c t u r e  f o r  t h e  wing. They each h&ve a sharp  lead-  
ing  edge and a  movable t r a i l ing-edge  f l a p  which is  manually a d j u s t a b l e  betwsen 
22' from t h e  p lane  of t h e  s p l i t t e r  p l a t e .  A l l  t e s t i n g  was done wi th  t h e  f l a p s  
s e t  a t  0'. Hor izon ta l  s i d e  s t r u t s  a t t a c h  t o  t h e  o u t s i d e  of t h e  s p l i t t e r  
p l a t e s  j u s t  below t h e  h o r i z o n t a l  p lane  of symmetry 2nd p ro t rude  through t h e  
t e s t  s e c t i o n  i n t o  t h e  e x t e r i o r  s t r u c t u r e .  They provide  s t a b i l i z a t i o n  and 
e l i m i n a t e  excess ive  l a t e r a l  d e f l e c t i o n  from t h e  aerodynami-c loads .  The 
s p l i t t e r  p l a t e s  were i n s t a l l e d  wi th  a 0.1' d ivergence ang le  from tunne l  
c e n t e r l i n e  t o  account f o r  boundary-layer growth. The th ickness  cf  t h e  
s p l i t t e r  p l a t e s  v a r i e s  i n  t h e  streamwise d i r e c t i o n  i n  t h e  fo l lowing  manner: 
fo l lowing t h e  sha rp  l e a d i n g  edge t h e  next  immediate s e c t i o n  i s  3.2 cm 
(1.25 i n . )  th i -k ;  i t  i s  followed by a 5-cm (2-in.)  t h i c k  s e c t i ~ n  i n  t h e  
c e n t e r  t o  accommodate t h e  push-pull  rods .  The t r a i l ing-edge  s e c t i o n  is 
4.4 cm (1.75 i n . )  t h i c k  and t a p e r s  t o  a  sha rp  t r a i l i n g  edge. The i n s i d e  
s u r f a c e  of t h e  s p l i t t e r  p l a t e  i s  s t r a i g h t  wi th  a l l  th ickness  v a r i a t i o n s  tak- 
i n g  p lace  on t h e  o u t e r  s u r f a c e .  
Openings i n  t h e  s p l i t t e r  p l a t e  ( f i g s .  5 ,  6)  permit  t h e  wing t o  be 
a t t a c h e d  t o  t h e  top  of t h e  push-pull  rods ,  which a r e  cen te red  i n  f o u r  channels 
c u t  i n t o  t h e  lower p o r t i o n  of t h e  s p l i t t e r  p l a t e s .  When t h e  wing is  o s c i l -  
l a t i n g ,  s l i d i n g  covers  ( f i g s .  7 ,  8) a t t a c h e d  t o  t h e  wing s e a l  t h e  openings. 
The covers  a r e  made of g r a p h i t e  epoxy t o  reduce weight and a r e  Teflon-l ined 
f o r  f r e e  s l i d i n g .  
The s p l i t t e r  p l a t e s  con ta in  a t o t a l  of 125 s t a t i c - p r e s s u r e  o r i f i c e s  
d i s t r i b u t e d  over the  i n s i d e  and o u t s i d e  s u r f a c e s  of  both  p l a t e s .  The i n s i d e  
o r i f i c e s  were u t i l i z e d  t o  s e l e c t  t h e  proper channel Mach number and,  i n  con- 
j u n c t i o n  wi th  t h e  o u t e r  t a p s ,  were used t o  monitor t h e  load ing  on t h e  
s p l i t t e r  p l a t e s .  While t e s t i n g ,  acce le romete r s  on t h e  t r a i l ing-edge  f l a p s  
were used t o  sense  any l a r g e  o r  p o t e n t i a l l y  d e s t r u c t i v e  f k t t e r  motions such 
as might be produced from t h e  o s c i l l a t i n g  f low behind t h e  wing o r  n a t u r a l l y  
induced from the  channel a i r  flow. 
Wings and Push-Pull Rods 
Model geometry- Two a i r f o i l  s e c t i o n s  were chosen f o r  t h i s  t e s t  program -- 
one a  convent ional  a i r f o i l  (an NACA 64A010) and t h e  o t h e r  a  s u p e r c r i t i c a l  a i r -  
f o i l  ( t h e  NLR 7301). The two wing mcdels - span 1.35 m (53.2 i n . ) ,  chord 
0.5 m (19.685 i n . )  - w e r e  designed t o  wi ths tand a c c e l e r a t i o n s  of 
2 . 3 ~ 1 0 ~  m/sec2 (230 g) and aerodynamic l o a d s  of 44,000 N (10,000 l b ) .  Both 
a i r f o i l s  were subsequent ly  chosen f o r  i n c l u s i o n  i n  t h e  AGARD s tandard  s e r i e s  
of t e s t  c a s e s  f o r  a e r o e l a s t i c  a p p l i c a t i o n s  ( r e f s .  8 ,  9 ) .  Photographs of t h e  
models i n s t a l l e d  i n  t h e  wind t u n n e l  a r e  prese;.ted i n  f i g u r e s  7  and 8. Due t o  
expansion of t h e  molds i n  f a b r i c a t i n g  t h e  models, t h e  a r t u a l  a i r f o i l  s e c t i o n s  
were s l i g h t l y  t h i c k e r  than t h e i r  t h e o r e t i c a l  c o u n t e r p a r t s .  To exped i t e  
numerical  s imula t ions ,  t h r e e  s e t s  of o r d i n a t e s  a r e  p resen ted  - t h e  measured 
o r d i n a t e s ,  smoothed v e r s i o n s  of t h e  measured o r d i n a t e s  from Olsen 's  computa- 
t i o n s  ( r e f .  8 ) ,  and t h e  t h e o r e t i c a l  o r d i n a t e s .  Because t h e  measured o r d i n a t e s  
con ta in  l a r g e  v a r i a t i o n s  i n  t h e  h igher  d e r i v a t i v e s  t h a t  adverse ly  a f f e c t e d  
s o r e  t r i a l  s o l u t i o n s ,  i t  i s  recommended t h a t  e i t h e r  t h e  smoothed o r  t h e o r e t i -  
c a l  o r d i n a t e s  be used f o r  computing. Computations us ing  t h e  t h e o r e t i c a l  
o r d i n a t e s  were s a t i s f a c t o r y  f o r  t h e  flow cond i t ions  a t tempted.  
The measured and t h e o r e t i c a l  a i r f o i l  s e c t i o n s  a r e  shown i n  f i g u r e  9 .  I n  
each c a s e  -he  measurements correspond t o  t h e  t h i c k e r  s e c t i o n .  Data f o r  the  
NACA 64A010 aad NLR 7301 a i r f c i l s  a r e  presented i n  t a b l e s  1 and 2 ,  r e s p e c t i v e l y .  
Model ins t rumenta t ion-  The wing is instrumented wi th  s t a t i c  p r e s s u r e  t a p s  
and dynamic p r e s s u r e  t r ansducers ,  a l l  of which a r e  l o c a t e d  a t  approx ina te ly  
midspan. The dynamic p r e s s u r e  t r ansducers  communicate t o  t h e  wing s u r f a c e  
v i a  a smal l  o r i f i c e  wi th  a smal l  volume c a v i t y .  Locat ions  of t h e  s t a t i c  and 
dynamic o r i f i c e s  i n  both wings a r e  shown i n  t a b l e s  3 and 4. I t  should be 
noted t h a t  dynamic t r ansducers  were not  i n s t ~ l l e d  i n  t h e  lower s u r f a c e  of t h e  
NLR 7301 a i r f o i l .  The lower s u r f a c e  unsteady p r e s s u r e s  were s a c r i f i - c e d  on 
t h a t  a i r f o i l  f o r  t h e  sake of inc reased  r e s o l u t i o n  on t h e  upper s u r f a c e .  
S t a t i c  p r e s s u r e  tubes  a r e  routed from t h e  end of t h e  wing through a c a v i t y  
i n  t h e  s p l i t t e r  p l a t e  t o  the  tunne l  plenum chamber below, and o u t  an  access  
p o r t  t o  scanivalve- t ransducer  u n i t s  e x t e r i o r  t o  the  tunne l  s h e l l .  Dynamic 
t r ansducers  a r e  mounted i n  t h e  wing by i n s e r t i n g  t h e  t r ansducer  (2.36 mm 
diameter)  i n  t h e  end of a long p l a s t i c  s l e e v e ,  which i s ,  i n  t u r n ,  i n s e r t e d  
i n t o  a c y l i n d r i c a l  channel molded i n t o  t h e  i n t e r i o r  of t h e  wing. The s l e e v e  
t e rmina tes  a t  t h e  c e n t e r  of t h e  wing a t  t h e  o r i f i c e  communicating t o  tile 
wing su r face .  The l ead  wi res  a r e  then routed o u t  t h e  o p p o s i t e  end of  t h e  
s l e e v e  i n  t h e  wing ( f i g .  6) through t h e  s p l i t t e r  p l a t e s  and ou t  through t h e  
tunne l  w a l l s  t o  che d a t a  a c q u i s i t i o n  equipment i n  t h e  t u n n e l  c o n t r o l  room. 
A s ingle  r e fe rence  p r e s s u r e  tube from each dynamic t r ansducer  i s  a l s o  i n s e r t e d  
i n t o  t h e  p l a s t i c  s l e e v e  and routed t h r u ~ g h  t h e  s p l i t t e r  p l a t e  t o  the  scanivalve-  
t r ansducer  assembly o u t s i d e  t h e  tunne l .  The t r ansducer  r e f e r e n c e  p r e s s u r e  can 
be  s e l e c t e d  t o  be t h e  s t a t i c  p r e s s u r e  of t h e  a d j a c e n t  s t a t i c  o r i f i c e  on the  
wing o r  any o t h e r  s e l e c t e d  p r e s s u r e  (such a s  t h e  tunne l  s t a t i c  p r e s s u r e ) .  S i x  
accelerometers  were mounted i n s i d e  t h e  wing, one a t  each of t h e  at tachment 
p o i n t s  of t h e  four  push-pull rods  nea r  the  corners  of  t h e  wing and two a t  mid- 
span near  t h e  l e a d i n g  and t r a i l i n g  edges.  The a c t u a l  motion of t h e  wing can 
be cietsrmiced from t h e  accelerometer  ou tpu t  and compared w i t h  t h e  output  of 
t1.e motion t r ansducers  loca ted  i n  t h e  a c t u a t o r  p i s t o n  rods .  These d a t a  
sl.owed t ' l a t  t h e  wing motions were f a i t h f u l l y  recorded by t h e  motion t r ansducers .  
Model sclpport system- The wing model, mounted between t h e  s p l i t t e r  p l a t e s ,  
i s  connected t o  t h e  push-pull rods  through ~ . > e c i a l  f l e x u r e  bea r ings .  The push- 
p u l l  rods  a r e ,  i n  t u r n ,  screwed d i r e c t l y  i n t o  tho  a c t u a t o r  p i s t o n s .  Both t h e  
wing and t h e  push-pull rods  a r e  f a b r i c a t e d  from a l ightweigh2 graphite-epoxy 
m a t e r i a l .  A s h o r t  d i s c u s s i o n  of t h e  f a b r i c a t i o n  of the  rods  and wings i s  
given l a t e r  i n  t h i s  s e c t i o n .  The push-pull  rods ,  0.0412 m (1.625 i n . )  i n  
d iameter ,  a r e  each capable  of a 22,000 N (5,000 l b )  t e n s i o n  load.  The f l e x -  
u r e s  loca ted  between t h e  push-pull. rods  and t h e  wing a r e  a l s o  desiqned f o r  a 
22,000 N (5,000 l b )  load.  A p a i r  of graphite-epoxy rods mounted t 9 itle wing 
wi th  a f l e x u r e  suppor t  and a t t ached  t o  t h e  s p l i t t e r  p l a t e s  forward cf t h e  
wing provide  a means of coun te rac t ing  t h e  d rag  loads  ( see  f i g .  5) ;  each rqd 
can wi ths tand 6,700 N (1,500 Ib )  . 
Model f a b r i c a t i o n -  The f a b r i c a t i o n  of both  t h e  wing models and the  p u ~ h -  
p u l l  rods requ i red  an e x t e n s i v e  development e f f o r t  by t h e  Ames Model Develop- 
ment Branch. The requirements f o r  maximum s t r e n g t h ,  s t i f f n e s s ,  and l i g h t  
weight suggested t h e  w e  of composite f i b e r  m a t e r i a l s .  The problem of con- 
s t r u c t i n g  t h e  wing was compounded by t h e  requ i renen t  f o r  i n t e r n a l  mounting of 
t h e  p r e s s u r e  t r ansducers .  The fol lowing d e s c r i p t i o n  w i l l  i l l u s t r a t e  b r i e f l y  
t h e  s t e p s  used t o  f a b r i c a t e  t h e  wing models. 
The o u t s i d e  contour of t h e  wing was def ined  by us ing  a s t e e l  female mold 
s p l i t  i n t o  two halves  and machined t o  t h e  coord ina tes  of t h e  a i r f o i l  s e c t i o n .  
The mold w a s  made of common s t e e l  wi th  a c o e f f i c i e n t  of thermal expansion 
compatible wi th  t h a t  of t h e  carbon g r a p h i t e  composite f i b e r s .  Using t h i s  
mold, a f i b e r g l a s s  mold was made t o  c o n s t r c c t  t h e  four  i n t e r i o r  s i l i c o n e  
mandrels about which t h e  carbon g r a p h i t e  f i b e r s  were wrapped t o  fcrm t h e  
i n t e r n a l  s t r u c t u r e .  These mandrels were l a t e r  removed from t h e  wing a f t e ?  
cur ing,  l eav ing  hollow s e c t i o n s  between t h e  webs ( s e e  f i g .  6 ) .  The c o r e  
mandrels were pregrooved f o r  ins t rumenta t ion  tubes  be fore  wrapping wi th  t h e  
a p p r o p r i a t e  number of l a y e r s  of f i b e r  s t r i p s .  Tapered s t e e l  rods  were i n s e r t e d  
i n  t h e  pre-cut grooves. The r i b s  between t h e  four  c o r e s  j o i n i n g  t h e  upper and 
lower s u r f a c e s  toge ther  were i n d i v i d u a l l y  laminated and placed between t h e  
wrapped cores .  A f i x t u r e  was b u i l t  t o  hold t h e  f o u r  cores  i n  p l a c e  f o r  wrap- 
ping of t h e  e n t i r e  model. Thirty-two p l i e s  of u n i d i r e c t i o n a l  g r a p h i t e  t ape  
were wrapped around t h e  pre-wrapped cores  wi th  p l i e s  a t  O 0 ,  45O, and 90' w i t h  
resp::ct t o  t h e  chord. The model layup was then sandwiched between t h e  two 
halves  of t h e  s t e e l  mold and ca.ps were bo l ted  on t h e  ends. The e n t i r e  assem- 
b l y  was heated i n  a n  au toc lave  250' F t o  expand t h e  s i l i c o n e  core .  This  
cyc le  forced t h e  layup t i g h t l y  a g a i n s t  t h e  i n t e r i o r  w a l l s  of t h e  mold. The 
model was sub jec ted  t o  a cure  c y c l e  of 350' F f o r  2 h r .  Af te r  coo l ing ,  t h e  
model was removed from t h e  mold ar,d t h e  cores  removed. The tapered s t e e l  
rods  were a l s o  removed and a 0.5-m h o l e  d r i l l e d  through t h e  s u r f a c e  of t h e  
model t o  i n t e r s e c t  t h e  c a v i t y  l e f t  by t h e  rods .  The dynamic t ransducers  were 
mounted i n  t h e  end of a long p l a s t i c  tube,  which was i n s e r t e d  i n t o  t h e  hollow 
c a v i t y  i n  t h e  wing. The t ransducer  body s e a l e d  a g a i n s t  a shoulder  i n  t h e  tube 
forming a pneumatic s e a l .  The volume between t h e  t ransducer  diaphragm and 
t h e  o r i f i c e  on t h e  model s u r f a c e  was q u i t e  smal l ,  thus  prcviding good high- 
frequency response.  
The push-pull rods  were cons t ruc ted  of carbon-graphite f i b e r s ,  us ing  
s i m i l a r  procedures. A two-part mold was made from mild s t e e l  w i t h  o u t s i d e  
dimensions of 10.16 cm ( 4  i n . )  square  by 203 cm (80 i n . )  long and a 4.13-cm 
(1.625-in.) bore.  A s l l i c o n e  core  approximately 2.5 cm ( 1  i n . )  i n  d ianecer  
was made, and g r a p h i t e  f i b e r s  were c a r e f u l l y  wrapped around i t  t o  a w a l l  
th ickness  of approximately 0.63 cm (0.25 i n . ) .  Af te r  cur ing  and re- loving t h e  
core ,  t h e  ends of t h e  r o i s  were a t t a c h e d  t o  s t e e l  end caps which provided an 
attachment p o i n t  f o r  t h e  a c t u a t o r  system and f l e x u r e s .  
Motion Generators 
The servo-hydrau1j.c a c t u a t o r  system was designed e s p e c i a l l y  f o r  t h i s  
t e s t .  It is  d r i v e n  by two 11-kW (150-hp) h y d r a u l i c  pump u n i t s  r a t e d  a t  
4.1 x 10'~ m3/sec (65 gal/min) a t  20.7 l o 6  ~ / m ~  (3,000 ~ b / i n . ~ ) .  Each of 
t h e  four  a c t u a t o r s  c o n s i s t s  of two s e p a r a t e  p i s t o n s  on a s i n g l e  rod enclosed 
i n  a dual-cnamber cy l inder .  The upper p i s t o n  is  used f o r  genera t ing  dynamic 
f o r c e s ,  t h e  lower p i s t o n  f o r  load b i a s i n g .  The load b i a s  system is  necessary  
t o  support  t h e  mean aerodynamic l i f t  load ,  thereby reducing t h e  power r2qu i red  
t o  d r i v e  t h e  dynamic p i s ton .  A s  s t a t i c  b i a s  requirements change, t h e  servo- 
va lve  system responds t o  produce t h e  requ i red  f o r c e  ou tpu t  t o  mainta in  t h e  
s e t  p o s i t i o n .  Veloci ty  and g,1'21tion t ransducers  a r e  combined.into a s i n g l e  
p h y s i c a l  u n i t  v i t h  c o i l s  and c o r e s  a l i g n e d  a x i a l l y  f o r  mounting i n  t h e  c e n t e r  
of t h e  a c t u a t c r .  
P r e t e s t  V e r i f i c a t i o n  of  System Components 
Because eve ry  p a r t  of  t h i s  sys tem was new, t h e r e  was no t e s t  i n f o r m a t i o n  
a v a i l a b l e  f o r  judging  performance 2.nd r e l i a b i l i t y  of t h e  a p p a r a t u s .  There- 
f o r e ,  s s p e c i a l  p r e t e s t  f a c i l i t y  was b u i l t  t o  pe rmi t  a d e t a i l e d  checkout  pro-  
gram. Many of t h e  components, i n c l u d i n g  t h e  wing, push-pul l  r o d s ,  d r a g  
r e s t r a i n t s ,  and t h e  h y d r a u l i c  a c t u a t o r  motion g e n e r a t o r  sys tem,  were new 
d e s i g n s  and could  n c t  be r i s k e d  i n  t h e  wind t u n n e l  w i thou t  p r e t e s t  e x p e r i -  
ments. A s p e c i a l  t e s t  s t a n d  v a s  b u i l t  f o r  sys tem v e r i f i c a t i o n .  F i g u r e  3 is  
a  photograph of  t h e  assembly i n  t h e  test a r e a .  A s u p p o r t  s t r u c t u r e  v a s  con- 
s t r u c t e d  t o  which t h e  v a r i o u s  components were a t t a c h e d .  The h y d r a u l i c  ac tua -  
t o r s  were mounted a t  t h e  base  w i t h  t h e  push-pul l  r o d s  a t t a c h e d  t o  t h e  top  of 
t h e  p i s t o n s .  The wing was mounted on t h e  push-pul l  rods  w i t h  f l e x u r e s  and 
angle-of -a t tack  b locks  between t h e  rod  end and t h e  wing end cap. The d r a g  
r e s t r a i n t  was f a s t e n e d  on t o p  of  t h e  r e a r  f l e x u r e s  and   he o t h e r  end t i e d  t o  
t h e  s u p p o r t  frame. L i f t  l o a d s  were s imu la t ed  by a n  i n f l a t a b l e  bag between 
t h e  lower s u r f a c e  of t h e  wing and a s u p p o r t  c r a d l e  f a s t e n e d  t o  t h e  s u p p o r t  
s t a n d .  Drag l o a d s  were s imu la t ed  by a  pneumatical ly a c t i v a t e d  p i s t o n  coupled 
t o  c a b l e s  and s t r a p s  looped over t h e  wing. A n e a r l y  complete envelope  of 
test c o n d i t i o n s  could  be  e v a l u a t e d  on t h e  t e s t  s t a n d .  I n  t h e  e a r l y  s t a g e s  
cf t h e  t e s t  checkout  a wing c o n s t r u c t e d  of f i b e r g l a s s  (shown i n  f i g .  3) was 
used b e f o r e  r i s k i n g  t h e  graphite-epoxy t e s t  wing. T h i s  proved t o  be  an  
ext remely  v a l u a b l e  and low-risk method of e v a l u a t i n g  t h e  performance of t h e  
e n t i r e  system. The o n l y  real  l i m i t a t i o n s  were t h a t  t h e  f i b e r g l a s s  wing was 
n o t  s t i i f  enough t o  p reven t  l a r g e  d e f l e c t i o n s  a t  midspan ( p a r t i c u l a r l y  ic 
plunging) a t  f r e q u e n c i e s  above 30 Hz, and was n o t  s t r o n g  enough t o  a c c e p t  t h e  
maximum l i f t  l oads .  A l i m i t e d  amount o f  t e s t i n g  was done w i t h  t h e  carbon- 
epoxy wing b e f o r e  i n s t a l l a t i o n  i n  t h e  wind tunne l .  
3 .  DATA ACQUISITION SYSTEM 
I n  t h e  p a s t ,  multichanr.el uns t eady  aerodynamic d a t a  were  a c q u i r e d  u s i n g  
ana log  t a p e  r e c o r d e r s  where raw d a t a  were recorded and s t o r e d  for  f u t u r e  
a n a l y s i s .  On-line a n a l y s i s  was r e s t r i c t e d  t o  a few s e l e c t e d  channe l s ,  u s i n g  
s p e c i a l  i n s t r u m e n t a t i o n  t o  e x t r a c t  u s a b l e  d a t a  from t h e  g r e a t  mass of  incom- 
i n g  d a t a .  These systems s u f f e r e d  from long  t ime l a g s  between a c q u i s i t i o n  and 
a n a l y s i s  and t h e  p r o b a b i l i t y  of unknowingly r e c o r d i n g  s p u r i o u s  d a t a .  I n  t h e  
p r e s e n t  test a  new computa t ional  d a t a  a c q u i s i t i o n  and a n a l y s i s  system was 
developed For on - l ine  d i s p l a y  o f  s t e a d y  and uns teady aerodynamic d a t a .  Fig-  
u r e  1 0  d e p i c t s  t h e  main e lements  of t h e  new sys tsm.  I t  can g r a p h i c a l l y  d i s -  
p l ay  t h e  f i r s t -ha rmon ic  p r e s s u r e  d i s t r i b u t i o n  (bo th  magnitcde and phase)  due 
t o  a r b i t r a r y  p i tch-p lunge  motions of t h e  a i r f o i l  a l o n g  w i t h  t h e  conven t iona l  
s t a t i c  p r e s s u r e  d i s t r i b u t i o n .  A t  t h e  u s e r ' s  o p t i o n ,  an  o v e r l a y  of s e l e c t e d  
t h e o r e t i c a l  o r  expe r imen ta l  p r e s s u r e  d i s t r i b u t i o n s  from computer - res ident  
codes o r  from a d e d i c a t e d  d a t a  bank can  be acces sed .  
The system comprises a Data General Eclipse Model 51200 minicomputer, 
a high-speed (500 kHz) multichannel analog-to-digital converter, a large 
capacity (92 Mbyte) storage device, and a graphics terminal. The software 
system consists of approximately 50 independent Fortran-coded programs. The 
independent programs are controlled by two executive programs: one for 
dynamic data, the other for static data. 
Dynamic Data icquisition 
The raw data come from a variety of sensors, the two most important 
being the airfoil motion (the input) and the surface pressures on the model 
(the output). The same sinusoidal signal that drives the four-channel 
hydraulic actuator system, which in turn drives the four push-pull rods 
attached t.o the wing, is also used to trigger a pulse to initiate the unsteady 
data acquisition process. Once the actuator control system is adjusted to 
impart the desired motion to the wing, the motion of the four push-pull rods 
is continuously monitored and acquired along with the unsteady data. 
The dynamic signals from up to 41 miniature pressure transducers are 
amplified and filtered before they enter the analog-to-digital converter. 
Because the signal is periodic, it is possible to obtain good waveform sam- 
ples with minimum storage per data point by signal-averaging the data. Theo- 
retically, a periodic signal is completely defined by just one cycle of data 
(e.g., a 40-msec record is all that is necessary to characterize a 25-Hz 
periodic oscillation). However, the experimental signal is usually so con- 
taminated by random pressure fluctuations due to wind-tunnel and model- 
induced turbulence that one cycle of data is not very useful. 
The signal-averaging technique is implemented as follows: the raw data 
are synchronized -.-ith a pulse tr2in which is triggered at the same phase 
position for each cycle of the airfoil's motion. These timing relations are 
shown figure 11. At time to, the sample waveform is recorded for T sec- 
onds. ~t time to + nT the waveform is recorded again for T seconds. The 
process is repeated M times. These M samples, each being initiated by 
the phase-locked pulse, are thcc ensemble-averaged to obrain the averaged 
signal. In the current experiment T is chosen to be slightly greater than 
one period, n = 2, and M = 100 is sufficient for a good average. At the 
user's option, the signal-averaged waveform and its Mth realization for any 
selected channel can be displayed on the graphics terminal. 
For on-line analysis, the first harmonic of the response is most useful. 
A simple Fourier analysis algorithm is implemerlted to extract the magnitude 
and phase information at the fundamental frequency. These data are displayed 
in tabular form on the grapbir; unit within 30 sec or the termination of data 
acquisition. These data are usua1I.y sufficient Lo determine if the unsteady 
data acquisition process was successf~~l. ,.f more on-lint inalysis is required, 
the first-harrmic data may be displayed graphically 2n pressure coefficient 
form. The mag~iitude and phase of the chordwise pressure distributions on the 
upper and lower surfaces of the airfoil are displayed along wi.th certain 
theoretical curves, such as (1) linear, incompressible small-disturbance theory 
(Theodorsen function) and (2) linear, compressible small-disturbance theory 
(Possio integral equation solver). For time-efficient on-line analysis it 
does nct seem feasible to include unsteady transonic codes on the current 
generation of minicomputers. 
Also available for comparison are the results of other investigations 
(theoretical or experimental) which have been stored in the data bank. For 
comparing with NACA 64A010 data, the theoretical investigations of Magnus 
(ref. ;0) are available. For the NLR 7301 wing, experimental data obtained 
at NLR-Amsterdam (ref. 11) are available. It is possible to obtain a com- 
parison between the current dats and the selected theoretical-experimental 
overlay in approximately 45 sec after the termination of data acquisition. 
Static Data Acquisition 
The static pressures are sensed with a conventional system using pneu- 
matic tubing connected to a pressure scanning valve. The electrical output 
of the pressure cell to which the unknown pressures are wltiplexed are read 
with a digital voltmeter whose BCD (Binary Coded Decimal) output feeds 
directly into the minicomputer. 
The splitter-plate arrangement used for the oscillatory airfoil test 
requires spscial attention with regard to the free-stream Mach number (b). 
As discussed in previous reports (refs. 2, 7) the Mach number in the channel 
between the plates is not the same as chat computed from a static pressure 
tap in the plenum chamber. To obtain the approach Mach number (MJ,  the 
splitter plates are equipped with 125 static pressure orifices distributed 
among 10 rows above and below the plane of the wing on the inner and outer 
walls of the splitter plates. These pressures are also sensed by the scanning 
system. The computed Mach numbers on the splitters are displayed on the 
graphics unit and the approach Mach number is selected interactively by fair- 
ing the graphics unit's horizontal cursor to the data. Using this procedure, 
the Mach number can be selected to an accurscy of T0.002. 
Once the Mach number has been chosen, the static-pressure distribution 
on tne wing is displayed along with selected overlays. A static pressure 
distribution with overlays can be displayed in approximately 30 sec after the 
raw data have been acquired. 
4 .  TEST PROGRAM 
As mentioned in the fntroduction, the test program was designed to meet 
the following primary goals: (1) to expand the existing unsteady test envelope 
to higher Reynolds numbers, higher reduced frequencies, different modes, and 
more diverse mean flow conditions; (2) to overlap tho existing data base 
wherever possible; and (3) to provide a data base for the computation of 
unsteady transonic flows. A wide range of static and dynamic parameters was 
investigated in meeting these goals. The selected parameters are listed in 
table 5. All of the data presented here were measured without a boundary- 
layer trip. Of the thousands of possible combinations, a subset of approxi- 
mately 200 comprises the current test matrix. Each selected combination is 
identified by a unique dynamic index (DI). A complete list of the test pro- 
gram in ascending numerical order is presented in table 6. The data in sets 
of "frequency sweeps" according to airfoil type and motion are given in 
table 7 for the NACA 64A010 airfoil and in table 8 for the HLR 7301 airfoil. 
In reference 9 a series of airfoils was designated as AURD standards 
for validating computational methods. The two airfoil sections used in this 
experiment are included in the standard series. Certain preferred flow con- 
ditions were chosen for comparative purposes. Ten cases for the NACA 64A010 
are presented in table 8 of reference 9. The corresponding dynamic indices 
are listed below: 
Test Case 1 2 3 4 5 6 7 8 9 1 0  
DI 7 29 51 52 53 55 57 49 65 12 
Table 12 of reference 9 gives 14 test cases for the NLR 7301. These test 
cases were selected from the data reported in reference 11 and do not corre- 
spond exactly with the current series. In particular, mean flow conditions 
at the supercritical design point were slightly different. In table 8 of this 
report, the NLR 7301 frequency sweeps designated by rows 1-8 are the experi- 
mentally determined shock-free design conditions for this airfoil in the Ames 
11-Foot Wind Tunnel. They should be used for assessing computational methods. 
5 .  DATA REDUCTION AND PRESLYTATION 
The primary output data are the pressure distributions on the airfoil 
along with quantities derivable from them. The data reduction and scaling 
applied to thz raw data are described in this section. The data include 
static pressure coefficients, integrated static loads, complex amplitudes of 
the first harmonic pressure coefficients, and integrated first harmonic loads. 
Static-Pressure Coefficients 
The static pressure data were converted to coefficient form using the 
conventional scaling: 
CPU = (PU - PINF) /QINF 
CPU = (PL - PINF)/QINF 1 
where PU and PL are the measured mean pressures (in newtons per square 
meter) on the airfoil, and both PINE and QINF are flow parameters. (All 
symbols are defined in the nomenclature list.) The static-pressure data are 
presented in tabular and graphical form along with the dynamic data to be 
discussed subsequently. 
Integrated Static Pressures 
The chordwise static pressure data were integrated according to the 
following formulas: 
The I-integrals are the Qth moments of the static-pressure distributions. 
Note that the moment coefficient is defined at the leading edge, nose-up 
positive. Some difficulties vere encountered with the ~sual trapezoidal- 
type numerical integration scheme. The inte~ration method that was ultimately 
adopted is described in detail in appendix A. 
Each static pressure run is associated with a unique identification - the 
static index ( S I ) .  Table 9 associates a static index with each dynamic indes. 
Table 10 presents the integrated upper surtdce, lower surface, and total load 
on the airfoil for each static index. 
Dynamic Pressure Complex Amplitudes 
The dynamic pressure data needed some preliminary processing. The first 
step was to Fourier-analyze the time-history data up to its fundamental fre- 
quency componenc. The fundamental frequency component is interpreted as a 
complex number that indicates its magnitude and phase shift with respect to 
the input motion. Figure 12 shows the steps used in decomposing the tinie- 
history into its real and imaginary components. The complex amplitudes 
CPU,A(CPL,A) are the quantities presented in this report. The physically 
realizable first harmonic unsteady pressure time-history is given bv 
CPUD = [Mag(A) 1 [Re(CPU,A) cos wt - Im(CPU,A) sin dt! 
CPLD = [Mag(A) 1 [Re(CPL,A) cos wt - Im(CPL,A) sin wt ] 
where the complex amplitudes of the pressure coefficients CPU,A(CPL,A) have 
been normalized by the amplitude of the input motion Mag(A). The time- 
history of the input motion is (fig. 12) 
A = [Mag(A) cos wt 
where A is interpreted as an angular quantity for pitching motion or i~ 
translational quantity for plunging motion. 
The 209 sets of first hamonic data, arranged by dynamic inder (DO, are 
presented graphically (real and imaginary parts) in figure 13. The correspond- 
ing static pressure distribution is also shown for reference. The thbulated 
static and dynamic data are presented in the enclosed microfiche (appendix B). 
Note that only upper surface dynamic data were measured on the supercritical 
airfoil (DI F 115). 
Integrated Dynamic Pressures 
The first harmonic data were integrated in the same winner as the static 
data (eq. (1)). 
These complex numbers are converted to time histories in exactly the 
same manner as in equation (3). The sign convention, interpretation of the 
lift and leading-edge moment, as well as the integration scheme, are the 
same as used in the preceding subsection on integrated static pressures. 
The six quantities in equation (4b) are given in table 11 for the 
NACA 64A010 airfoil and in table 12 for the NLR 7301 supercritical airfoil. 
6. SlJMMARY OF RESULTS 
Unsteady pressure data from an oscillating airfoil experiment in the 
Ames 11- by 11-Foot Transonic Wind T~ncel were preseated. The data covered 
a wide range of parameters including airfoil geometry, mean flow conditions, 
motion mode, and frequency. These experimental results should be useful both 
for validating new computational methods and as an aid in aeroelastic analysis. 
To aid in the interpretation of the data, detailed discussions were 
included on the tunnel installation, tunnel geometry, and airfoil contour. 
The novel model fabrication and the new experimental techniques that were 
developed especially for this test program were also discussed. 
The data, presented in tabular and graphical form, include measurements 
of the mean pressure coefficients and real and imaginary parts of the funda- 
mental (first harmonic) frequency unsteady pressure coefficients. The 
pr6-ssure coefficient data are also presented in integrated form to facilitate 
in'erpretation of parametric trends. 
The data show that the unsteady aerodynamic response can be sensitive to 
, 11 of the parameters considered in this experiment. For subcritical flows, 
ihe two most important parameters are Mach number and frequency. In the range 
of mild transonic flows, airfoil geometry is an additional important factor. 
Finally, in the flow regime where strong shock-wave/boundary-layer interactions 
are important, Reynolds number becomes another important parameter. This pro- 
g-ession into increasingly complicated flaws is consistent with the theoretical 
a ~thods that are used to predict these flows. Linearized subsonic theory 
i lcludes the effect of the flow parameters H and k, and transonic theory 
cxrectly accounts for airfoil geometry. In the most complex flow regime, 
Lavier-Stokes modeling will be necessary to correctly predict the unsteady 
viscous interactions. 
APPENDIX A 
NETHODS FOR INTEGRATING EXPERIMENTAL PRESSURE DISTRIBUTIONS 
The in t eg ra t i on  of a funct ion t h a t  is defined a t  a d i s c r e t e  number of 
po in ts  is not  a simple problem. I f  a smooth curve can be f i t  through one o r  
more of t he  d i s c r e t e  po in ts ,  t h e  i n t eg ra t i on  becomes simple. The d i f f i c u l t  
pa r t  is t o  choose the  appropriate  family of smooth curves. 
A simple example w i l l  bes t  i l l u s t r a t e  t he  problem. Consider a pressure 
d i s t r i b u t i o n  having the  func t iona l  form 
This is  the  d i s t r i b u t i o n  t h a t  would be cmputed from t h i n - a i r f o i l  theory. The 
a r ea  under t he  curve, defined a s  the  i n t e g r a l  of equation (Al) be t  Zen the  
l i m i t s  0 t o  1 is 6.283 ( t o  four s i g n i f i c a n t  f i gu re s ) .  
Now consider a rou t ine  appl ica t ion  of t h e  t rapezoida l  ru l e .  (The family 
of curves is simply the  s t r a i g h t  l i n e  connecting successive d a t a  points.)  It 
is nos t  convenient t o  consider t h e  t rapezoida l  r u l e  with equal ly  spaced incre- 
ments. A t y p i c a l  case i s  shown i n  f i g u r e  14, where the  funct ion is  divided 
i n t o  20 s t r i p s .  The value a t  t h e  leading edge was approximated by extrap- 
o l a t i n g  t he  s lope a t  the  f i r s t  chord pos i t i on  backwards t o  t he  leading edge. 
The computed loads f o r  a 20-str ip  i n t eg ra t i on  was 5.546. Compared with t he  
exact  area,  t h i s  represen ts  an e r r o r  of 11.7%. 
In  ac tua l  p rac t ice ,  the leading-edge s i n g u l a r i t y  is ameliorated by 
leading-edge bluntness and the  e r r o r s  computed above a r e  probable upper 
bounds. However, i n  o s c i l l a t i n g  a i r f o i l  experiments, these  leading-edge 
suct ion peaks can be q u i t e  high. This  problem was pointed ou t  some t i m e  ago 
by Runyan e t  a l .  ( r e f .  12) . 
I f  the  problem were only one of square-root-type s i n g u l a r i t i e s ,  an ele- 
gant so lu t ion  is  ava i lab le .  Gaussian quadrature techniques have been devel- 
opea ( re f .  13) t o  approximate d e f i n i t e  i n t e g r a l s  by the  f i n i t e  sum 
They have not been widely used because the  value of the funct ion must be com- 
puted a t  sample po in ts  gi t h a t  a r e  usua l ly  i r r a t i o n a l  numbers. Standard 
t ab l e s  a r e  ava i l ab l e  giving the  sample po in t s  and weights Wi f o r  a given 
weight function w One such method - the  Gauss-Jacobi quadrature - has a 
weight funct ion ( )  . Figure 15 shows the  sample po in ts  needed 
fo r  a 20-strip Gauss-Jacobi quadrature.  The computed a r ea  is 6.283, essen- 
t i a l l y  the  exact value. Gauss-Jacobi quadratures have been used extensively 
in a recerd theoretical report on oscillating airfoils in wind tunnels 
(ref. 14). A serious defect in the quadrature method for transunic flows is 
clear from figure 15. Sample points are sparsely located in the central 
region of the airfoil. Transonic flows with discontinuous pressure distri- 
buticns (shock waves) are not well approximated by a scheme with such large 
increments in the region of discontinuity. Ntimerical experiments with dis- 
continuous pressure distributions have confirmed that unacceptably large 
errors can result. 
The numerical integration scheme that was finally adopted was the one 
described by Woodward (ref. 15). This method rectifiss the leading-edge 
singularity by a simple transformation of variables: 
The pressure distribution presented in figure 14 is shown in the primed 
coordinance system in figure 16. The curve is finite everywhere and a simple 
trapezoidal rule with 20 intervals has approximately six elementary trapezoids 
in the first 104 of chord. (Compare with fig. 14 where only two intervals 
constitute the first 10% of the chord.) Higher resolution is not compromised 
by a coarse mesh width in the area of discontinuities. Extensive numerical 
experiments have confirmed the validity of this procedure. For example, 
computations with a 20-strip integration resulted in an area of 6.288. The 
accuracy of the integrated quantities has been augmented by performing both a 
20- and 40-strip integration and by using a Richardson's extrapolation 
(ref. 16) to increase the accuracy. 
Once the integration schenir is selected, the remaining computational 
problem is to choose an acceptable interpolation-extrapolation scheme to 
transform the physical pressure tap locations to the desired mesh points. 
The method adopted was a polynomial fitting method for interpolating between 
data points and a linear extrapolation method for predicting values very 
near the leading and trailing edges. 
APPENDIX B 
TABULATED m A L  FREQUENCY DATA 
Refer t o  the enclosed microfiche ( inside back cover) f o r  the 209 sets of 
taiulated steady and unsteady pressure data. 
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TABLE 5.- RANGE OF PUAHETERS USED IN TEST PR@GRW 




Airfoil geometry NACA 64A010, NLK i 301 
Free-stream k c h  number 0.45, 0.50. 0.65, 0.70, 0.75, 0.80, 0.85 
Hean angle of attack, deg 0. 0.37, 0.57. 2.5, 4 




Pitching ax is  Location 
Pitching amplitude. deg 




0.25C, 0.40C. 0.50C 
k0.25. 20.50. 21, 2 2  
I 
+ 1 
0.025, 0.05, 0.10, 0.15, 0.20. 0.25. 0.30 
- 
9- ~ ~ M O U ~ O C \ ~  U N ~  4nm1-u O U Q I Q l h d L n b  
m d  0 m m m ~ ~ f i o m  f i 0  0 ~ ~ 9 0  W1(.7T$yhS*o t w f i  V INNNNNNNU NNVI  L ~ C I C I ! : ~  c l ~ r  N C s l N  I 
. . . . . . . . . . .  . . .  . I . .  . . . . . .  
F0 ^ h n . . .  nnn 
0 0 v v v v v  
acau u a u m m m m w w m  m m w  w m m w  ~ O W ~ ~ W M D C M  
V I @ @ d @ 8 @ 8 0 @ 0 ~ Q ~ ~ O I Q 0 0 ~ Q ) N U O @ @ ~ Q ) Q ) Q ) O 0 )  
m m w o w m w ~ w w m ~ w ~ ~ w w m m w ~ ~ ~ u ~ w w w ~ ~ ~ a w  
- - -  - - -  
o u m d 9 9 a h d m m u b  fie- 0 d m h ~ 4  o u r ( ~ \ ~ o c r l  
m m  m m m m o m u m N  o ~ m o ~ m o e  w .  . . . . . . . . . .  oo??? * ? ? 4 ?  m w m .  . . . . . . .  
G O  5 4 - 4 4  dz C 4 d 4 hl ".55,C 4 4 
~ w ~ ~ w ~ ~ w ~ ~ ~ ~ ~ L ~ w ~ ~ ~ w w ~ ~ ~ u ~ o ~ w M o P M M w ~  
C C C C C C C C G G G C C C C G C C C C G C C C C C :  C C C C C C  
3 4 +  3 . 4 4 . 4 4 4 4 4 4 4  144., 3 4 4 4 4 3  3 3r(.r. .4+ri",r(rl 1 
~ C S ~ C C t C C C C C C d S C E d C C C C d 4 r ( C C L S Z r . C C  
~ ~ ~ u a v v ~ v ~ ~ o 0 u ~ v v ~ ~ u v u v ~ 1 a a ~ 0 v v ~ ~ ~ v l  
4.4 4 4 4 - . 4 + 4 4 4 . +  4 4 4  4 4 . 4 4  


























































































































































































































































































































































































































































































































































































































































































































































































































































a-h C O a O O a N m U h a  bO9ahmaaOm 4tn\Ohmm 
* * u  u u * N m N v U * 3 * u * u * * u m  o u e u u m  N.?? N N N ~ N N N N ~ N N N N N N N N ~  ~ N N T ?  
. . . . . . . . . . . . . . . . . .  . . .  
hnnn n A 
. . . .  
U V V V U C )  \\\\\-. 
X X X X X X  
~ m o u m m , + d m d u m ~ d d d  ~ O N ~ N O \  
o o o  o o o ~ N ~ m o o m o o o o o o 8 ~  000000 
~ a ( l ~ M . . . ~ . . . . . . . . . . . . . . . . . . ~ . . . . . .  
6 C  C  C d d d z d N N  d d  d d d d d d d d z H N d d d 4  
dc l .44  
N M M M M M  
C C C C C C  
r r 4 4 d . d d  
S C E C C C  
C ) U U U L O  
U U U U C U  
rl 4 -d d -.- .d 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































0 4 0 0 4 0 m 0 m C m  
m o m m o m m m m m m  
0 N 0 0 N 0 4 0 d 0 d  
. . . . . . . . . . .  
0 
m N m m N u m u m u m  
. . . . . . . . . . .  
h O h h O h m b m b m  
m  m N N N  
Q3mm m m o m  
m m o  o o o m  
m m u  v u u m  
. . .  . . . .  
0 n h nn 
II II 11 d d w  I N  a i d  
rl ri rl -4 
U U U  CJOUU \ \ \ m  m-.\\\a 4 
X X X ~ ~ X X X X ~ ~ ~  
(3 m  m  rl 
U U U  . U U C ) U . .  
1 1 3  1 1 3 1  
0 0 o v v o  0 0 o w -  
& a n  P ~ P P  
" " " € i $ " " " " l 3 ~  
W W W  W M W U  
a  a  a o a  a a  a~ a d -  
a ~ u o y a a - o a o ~  
404 r - i  O O d O r ;  0 0 m  m m o o  
. .  . w M .  . .  . M U  
4 4 4  G  C  4 4  C fa 
d rl rl rl 
M ~ w w w w M w w ~ M  
C C C C C C C C C C C  
d d +  1 1 d + d +  1 3  C S z 4 4 C s S C 4 4  
L ) C )  O&.&~~LJ~&a, 
U U U  
d d d  r l d d d  
& & &  @ I & & &  










4 4 c ) r l 4 m m m m m o  
4 4 d d 4  
m m m u v m m m m m m  
m m m m I n m m m m m I n  
. . . . . . . . . . .  
N,,N,N,NNNN 
-- 
0 0 0 0 0 0 0 0 0 0 0  
E E E E E z z z 2 x  







m O 4 N m u m 9 h m m  
































N s i  
















r- m 9 0 
m d  m m 
. . 
o d ~ d ~ d r n m ~ ~ ~ ~ o a m u ~ u ~ ~ a h m ~ o ~ ~ m m m  
m m  N ~ d ~ U ~ d U ~ d ~ 9 h O ~ O ~ O ~ C O C O C O C O O d  
d d r l  d  -4 
\D m m u a0 
h m m 00 
hCOh OI U Q\ (.lIn Q\d rZIn 
Nhl N  U U I n 9  h a  COQI 
co m o  m C O N  9 


















m 4 In 
m OJ 
-.- . 
I n 0  m o  I n 0  
? ?  N  ln hl m  
o +I+FII-IN . d d d i i d ! ~ d d d d d d d i i d d ~ d  
+I +I +I +I +I +I +I +I +I +I +I +I +I +I +I +I +I +I r l  +I +I +I +I 
--- 
In 9 m m I n h h 9 U . U m N m a U N  . . . . . . .  . . . . . . .  NQIQ\S . . . .
0 0 N ~ O N O d N m N N ~ N N N d 0 I n O ~ r l N n l ~ d 1 4 9  
4-4 4 d d d  d d  d d d  d  d  d 4 d  d d  
-- - 
0 0 0000 
. . . .  • . 
0 0 O 0 0 0 0 0 0 0 0 0 0 0 0 0 U U U U U U U U U 4 j U U  
-- 
0 0 0 0 0 0 0 l n m 0 0 0 0 C 3 ~ 1 3 0 I n m m ~ ~ O O O O O L n  
I n m m m m I n m 9 h a C O C O ~ C O C O ~ I n m a G h h a O c o C O C O C O C O  
. . . . . . . . . . . . . . . . . . . . . . . . . . .  d 
d N m U m 9 b a ~ O d N m U m 9 h ~ m O d N m U V I a h C O  












In QO m a  h4Nn l . J  
m  d m  0 0 0 4 m  




. m n l f i + m h c n m ~ n c n  O N  * s m \ 0 4 o 0 \ 0 \ 0 0 ~ 0  
~ m m l - i ~ ~ n a o m  l-i  w m ~ l - i ~ o o d m  






























1 1 1 1 1 1 1 1 1 1  
In m I J h 4 m m I n  
. . . . . . . 
N I n G t r n * N - * C n a N  
d rl 
O O O O O O v ~ u v  
~ ~ ~ 8 8 ~ " S I ~ ~  
. . . . . . . . . .  
-- 







































? j ,  
hl 
9 
d d 4 N . 4 d d N d d N l - i d  
+I +I +I +I +I +I +I +; +I +I +I +I .-I 
~n r ~ v h a v m m h ~ m  
. . . . . . . . . a .  
N I n m m t " 7 a h l N U m m a d  
d l-i d 
0 0 0 0 0 0 0 0 u u 4 4 4  
0 0 C 0 0 0 0 0 0 0 0 0 0  InmlnInQOaQOQOInInmo0a 
. . . . . . . . . .  C . .  
0 
$ 
m O d N V l 4 I n W h a m O d  
~ ~ r n ~ m m m m m m m m u u  
O C O O O O  











































































TABLE 9.- IDENTIFICATION OF STATIC DATA CORRESPONDING TO EACH DATA SET 
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Figure 1.- General arrangement of oscillating airfoil test apparatus in 




S 24.4 cm (9.63 in) 
T 1.78 cnl (0.7 in) 
D 9.53 cm (3.75 in) 
PLAN VIEW 
OF BAFFLE 
Figure 4.- Ventilated wall geometry of NASA-Ames 11- by 11-Foot Transonic 
Wind Tunnel. 
Figure  5.- D e t a i l  of d rag  r e s t r a i n t  and s i d e  s t r u t  suppor t .  
Figure 6 . -  wing end s e c t i o n  with dynamic ins t rumenta t ion  l e a d s .  
Figure 7 . -  NACA 64A010 model installatl 
F i g u r e  R.  - N L R  7301 n o d r l  installat; on.  
NACA MA010 
NLR 7301 
Figure 9,-  Sketch of airfoil profiles used in test program. 

Figure 11.- Tir ing diagram for  dynamic da ta  acquisition. Upper t race:  
d y n d c  data  s ignal ,  t, is s l i g h t l y  grea te r  than one period. Later 
trace: t r igger  fur  analog-to-digital conversion, T = period, n - 2. 
PHYSICAL PRESSURE - 
~k(~riat) N I ~ Z  
MOTION - -(Aeiwt) dr) 
Figure 12.- Decosposition of pressure time h i s t o r i e s  i n t o  f i r s t  harmonic 
complex amplitudes. (a) ac tua l  motion, (b) fundamental frequency com- 
ponent, (c) r e a l  and imaginary pa r t s  (amplttudes proportional t o  cosine 











































































 I S[ 
b 
'x 
w 
N
w
 
XI
 
TR
AN
SF
O
RM
ED
 
-
I w
 
PR
ES
SU
RE
 C
OE
FF
IC
IE
NT
, C
P' 
ii 
Do
 
I-
 
I-'.
 
b 
I
~
G
 
0
 
d
 
N
 
0
 
&
 
C
*
W
 
w
b
 ID 
r
m
 
2 
E 
P
E
W
 
? 
2 
0°
F 
n
 
&
 
a 
w
. 
0
 
k 
a
 
a 
g 
<
 m
 
c
 
r
( 
1
 P
. 
f 
c
*
 
n
 
@
 
P,
 
v
 w
 
i
 
+'
 g1
" 
'5 
n
 
&I
 
ID
 
2:
 
b
 
P,
 
n
 
n
 
r(
 
P
. 
c
 
0
 
'0
 
1
 
m
 N
 
C 
bo 
0
 
tn 
P
- 
w.
 
a
 1
 
P,
 
m
 
I- 
d
 
0
 
